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(57) ABSTRACT 

The present invention provides a method for producing a 
crystalline metal oxide thin ?lm by ?rst depositing a sub 
stantially amorphous metal oxide ?lm, and thereafter, as a 
post treatment, exposing the ?lm to loW temperature plasma 
in a high frequency electric ?eld at 1800 C. or less, and the 
crystalline metal oxide thin ?lm produced by this method. 
Because the producing method according to the present 
invention alloWs a dense and homogenous crystalline metal 
oxide thin ?lm to be formed onto a substrate at a loW 
temperature Without requiring active heat treatment, a metal 
oxide thin ?lm having desirable characteristics can be 
formed Without damaging the characteristics of a substrate 
even if the substrate has comparatively loW heat resistance. 
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FIG. 2 
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FIG. 3 
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FIG. 4 

Effect of oxygen plasma treatment on coni'act angle (400 WX 10 minutes) 
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FIG. 5 

In?uence of oxygan phsm: treatment on cryamliizadm (400 W x 10 minutgn) 
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FIG. 6 
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FIG. 8 
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FIG. 10 
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FIG. 1 1 
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THIN METAL OXIDE FILM AND PROCESS 
FOR PRODUCING THE SAME 

TECHNICAL FIELD 

The present invention relates to a metal oxide thin ?lm 
and a producing method thereof. In particular, the present 
invention generally relates to a technique for forming a 
crystalline metal oxide thin ?lm onto a substrate Without 
requiring heat treatment. 

BACKGROUND ART 

Forming a metal oxide ?lm onto a substrate such as glass, 
a polymer or a semiconductor by sputtering or vacuum 
evaporation has been carried out in the past. In recent years, 
for reasons of reducing deposition costs and manufacturing 
large-scale products, there has been a trend toWards increas 
ingly larger areas Which can be formed at one time. There 
has also been a steadily groWing trend toWards using resin 
substrates (for example, use of polycarbonate or acrylic) in 
place of glass as a substrate. With this move toWards 
deposition of larger deposited ?lm surface areas and non 
heat resistant substrates, deposition that does not require 
heating is being Widely carried out because deposition 
technologies that do heat the substrate cause the ?lm to crack 
or damage the substrate. 

HoWever, in such a non-heating process, driving force and 
mobility for crystallization of the metal oxide is not supplied 
su?iciently. This means that the obtained ?lm tends to be 
amorphous, making it di?icult to achieve su?icient crystal 
linity. For that reason, in a case Where a surface crystallinity 
greatly effects the characteristics of a product, it has been 
necessary to strictly control process conditions such as gas 
introduction. HoWever, if such strict control of process 
conditions is required, it is often the case that the obtained 
?lm characteristics are inferior to those of ?lms Which Were 
produced by a process Which involves heat treatment of the 
substrate, even When it Was thought that the process Was 
comparatively successful. 
One approach to reduce the extent of heating the substrate 

that has been Widely used is to prepare an oxide ?lm using 
a precursor solution containing an ion Which comprises a 
metal element. Such a precursor solution includes a metal 
alkoxide, metal acetate, organic-metal complex, metal salt, 
metal soap and the like. A typical deposition method that 
uses these substances is a sol-gel method Which uses a metal 
alkoxide solution. These deposition methods use Water and 
a catalyst such as an acid for a solution containing an ion 
Which comprises a metal element, Wherein the ion compris 
ing a metal element is made to transit from a loW molecular 
state to a high molecular state, Which is disorderly but has 
the molecules bonding to each other (this state is called 
gelation). At this stage heat is applied to remove organic 
substances at a comparatively loW temperature, Whereby a 
metal oxide can be obtained. Because this method has loW 
equipment costs, and through dip coating or the like alloWs 
uniform deposition over an entire substance even for objects 
having an intricate shape, it is suitable for coating of thin 
?lm oxides for high-mix loW-volume production or com 
paratively small objects. HoWever, such a method has the 
draWback that it can only be applied to heat resistant 
substrates, because generally heat treatment of at least 4000 
C. is required for the combustion of organic material con 
tained in the source solution, dehydration polycondensation 
inside the ?lm or to promote crystallization. 
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2 
Methods such as ultraviolet irradiation, steaming and 

electron beam irradiation are being investigated for these 
sol-gel process ?lms as a technique for accelerating crys 
tallization and densi?cation Without requiring heat treat 
ment. Recently, Rengakuji of Toyama University (Japan) 
has reported that the addition of an aromatic compound such 
as benzene to a metal alkoxide alloWs the molecules in the 
alkoxide to be sandWiched by the benzene, and that a 
structure advantageous to crystallization can be formed by 
depositing it so as to make crystallization at a loW tempera 
ture more easily carried out. HoWever, this process also 
requires strict control process conditions similar to those 
mentioned above for the non-heat treatment processes. 
There are disadvantages such as insuf?cient repeatability 
and insuf?cient crystallization. 

In vieW of the background described above, a technique 
for forming an amorphous metal oxide ?lm on a substrate 
With loW heat resistance such as a resin material and 
effectively crystallizing the ?lm Without deteriorating the 
substrate Was extremely limited. In particular, there Was 
almost no technique for suf?ciently crystallizing an amor 
phous ?lm simultaneously and uniformly over an entire 
object in a short period of time. 

Highly advanced techniques for thin ?lms using plasma 
Which pertains to the present invention include Japanese 
Patent Laid-Open No. 4-149090, US. Pat. No. 6,432,725, 
Japanese Patent Laid-Open No. 07-294861, Japanese Patent 
Laid-Open No. 04-199828, Japanese Patent Laid-Open No. 
2001-148377, Japanese Patent Laid-Open No. 2001-31681, 
Japanese Patent Laid-Open No. 2001-133466, Japanese 
Patent Laid-Open No. 09-64307, Japanese Patent Laid-Open 
No. 10-233489, Japanese Patent Laid-Open No. 2000 
200899, Japanese Patent Laid-Open No. 09-153491, Japa 
nese Patent Laid-Open No. 09-246477, Japanese Patent 
Laid-Open No. 2001-152339, Japanese Patent Laid-Open 
No. 10-273317, Japanese Patent Laid-Open No. 09-262466, 
Japanese Patent Laid-Open No. 2001-85639, Japanese 
Patent Laid-Open No. 2000-86242, Japanese Patent Laid 
Open No. 02-283022 and Japanese Patent Laid-Open No. 
11-145148. The main differences betWeen What is disclosed 
in these techniques and the present invention Will be 
described beloW. 

DISCLOSURE OF THE INVENTION 

It is an object of the present invention to provide a 
technique for effectively forming a dense and homogenous 
crystalline metal oxide ?lm onto a substrate at a loW 
temperature and Without requiring active heat treatment in 
order to resolve the above-mentioned problems in the art. 

It becomes possible to obtain a dense and homogeneous 
?lm having a larger surface area than previously and com 
bining excellent surface activity and strength if a means for 
restoring defects is conducted to a formed ?lm With the ?lm 
temperature being kept comparatively loW and Without 
active heat treatment. Further, as a microfabrication tech 
nique such as integrated circuit processes becomes more 
advanced, defects in electrodes and oxide ?lms occur more 
easily. This means that processes With little thermal history 
become more important. After extensive researches on tech 
niques Which satis?es the demand to overcome these 
defects, the present inventors have found that effective 
method Which involves exposing a substantially amorphous 
metal oxide ?lm prepared at room temperature to loW 
temperature plasma under speci?c conditions Without per 
forming active heating. 
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Namely, according to the present invention, there is 
provided a producing method of a metal oxide thin ?lm 
comprising the step of exposing a substantially amorphous 
metal oxide ?lm to loW temperature plasma in a high 
frequency electric ?eld at 180° C. or less so as to produce a 
crystalline metal oxide thin ?lm. In other Words, the present 
method is a method for producing a crystalline metal oxide 
thin ?lm by ?rst depositing a substantially amorphous metal 
oxide ?lm, and thereafter, as post processing separate from 
the deposition, conducting loW temperature plasma process 
ing to the substantially amorphous metal oxide ?lm Without 
heating, in particular at or beloW 180° C., in a high 
frequency electric ?eld. 

This method for producing a metal oxide thin ?lm 
includes cases Where the above crystalline metal oxide thin 
?lm consists of a substantially crystalline metal oxide thin 
?lm, In this regard, “a substantially crystalline metal oxide 
thin ?lm” means a state Where the ?lm has a portion of 
crystallinity to an extent that the ?lm is considered to have 
crystallinity by an X-ray diffraction pattern although an 
amorphous portion may also be present in the ?lm. 

Further, in the above method for producing a metal oxide 
thin ?lm, it is preferable that the relative density of the 
crystalline metal oxide thin ?lm compared to the theoretical 
density thereof be 90% or more. That is, according to the 
present invention, a ?lm having a high density can be 
formed. 

It is also preferable that high frequency plasma be used for 
the above-mentioned loW temperature plasma. 
As preferable conditions for generating the loW-tempera 

ture high-frequency plasma, the applied frequency is in the 
range of 1 kHz to 300 MHZ, the pressure is 5 Pa or more, and 
the supplied poWer is 300 W or more, for example. 

In addition, the above plasma is preferably plasma gen 
erated by exciting gas Which comprises at least oxygen gas 
or oxygen element. Alternatively, in cases Where the above 
metal oxide ?lm is a ?lm Whose properties are imparted by 
the de?ciency of oxygen, the above loW temperature plasma 
is preferably plasma generated by exciting at least argon gas 
or nitrogen gas, or gas comprised thereof. 
A variety of methods are possible for the deposition 

method for the metal oxide ?lm substantially consisting of 
an amorphous material, including a sputtering method, an 
ion plating method, and a vacuum evaporation method. 
Alternatively, the metal oxide ?lm substantially consisting 
of an amorphous material can be formed by application of a 
precursor solution, that is, a Wet deposition. In the latter 
case, the above-mentioned metal oxide ?lm substantially 
consisting of an amorphous material formed by applying a 
precursor solution may also be pretreated by ultraviolet light 
irradiation in the presence of Water vapor prior to exposing 
to plasma. 

The metal oxide ?lm substantially consisting of an amor 
phous material according to the present invention is, for 
example, a ?lm containing titanium oxide, ?lm containing 
ITO, ?lm containing lead Zirconate titanate (PZT) and the 
like. 

The metal oxide ?lm according to the present invention 
comprises a crystalline metal oxide thin ?lm formed using a 
method as mentioned above. 

The metal oxide ?lm according to the present invention 
can be applied to various structures, materials, or parts. For 
example, a structure can be con?gured such that the above 
crystalline metal oxide thin ?lm is formed onto a non-heat 
resistant substrate (for example, the above-mentioned resin 
substrate having comparatively loW heat resistance) Without 
providing a heat barrier layer. In addition, an image display 
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4 
device can be con?gured such that the above crystalline 
metal oxide thin ?lm is formed as a surface layer and/or an 
internal layer. A photocatalytic material can also be con?g 
ured such that the above crystalline metal oxide thin ?lm is 
formed as a surface layer and/or an internal layer. Further 
more, an electronic device can be con?gured such that the 
above crystalline metal oxide thin ?lm is formed as a surface 
layer and/ or an internal layer. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 shoWs a relationship betWeen ultraviolet irradia 
tion time and contact angle, Which shoWs the effect of 
hydrophilicity When oxygen plasma treatment is carried out 
on a sputtered ?lm; 

FIG. 2 shoWs a relationship betWeen ultraviolet irradia 
tion time and contact angle, Which shoWs the effect of 
hydrophilicity When oxygen plasma treatment is carried out 
on an alkoxide ?lm; 

FIG. 3 is a characteristics diagram shoWing an X-ray 
diffraction pattern When oxygen plasma treatment is carried 
out on an alkoxide ?lm; 

FIGS. 4(A) to 4(C) shoW relationship betWeen irradiation 
time and contact angle, Which shoW the effect of hydrophi 
licity When oxygen plasma treatment is carried out on an 
sputtered ?lm; 

FIGS. 5(A) to 5(C) are characteristics diagrams shoWing 
an X-ray diffraction pattern When oxygen plasma treatment 
is carried out on an alkoxide ?lm; 

FIG. 6 shoWs the observed results of Example 4 from a 
scanning electron microscope; 

FIGS. 7(A) to 7(C) are characteristics diagrams showing 
the X-ray diffraction patterns of Example 5; 

FIGS. 8(A) to 8(C) are characteristics diagrams shoWing 
the X-ray diffraction patterns of Example 6; 

FIGS. 9(A) to 9(C) shoW the observed results of Example 
6 from a scanning electron microscope; 

FIGS. 10(A) and 10(B) shoW the observed results of 
Example 6 from a scanning electron microscope When the 
results of burning and plasma treatment are compared; 

FIGS. 11(A) to 11(D) are characteristics diagrams shoW 
ing the X-ray diffraction patterns of Example 8; and 

FIG. 12 is a characteristics diagram of the resistance 
change of Example 9. 

BEST MODE FOR CARRYING OUT THE 
INVENTION 

The present invention Will noW be described along With 
desirable embodiments of the invention. 

Basically, the method for producing a metal oxide thin 
?lm according to the present invention is a method Which 
forms a substantially amorphous metal oxide ?lm, and 
changes the above-mentioned ?lm to a crystalline metal 
oxide thin ?lm by exposing to loW temperature plasma in a 
high frequency electric ?eld at a temperature below 1800 C. 
Without conducting active heating to the substrate. The 
present invention basically aims at depositing a crystalline 
metal oxide thin ?lm on a substrate having comparatively 
loW heat resistance, Which is based on plasma processing at 
a temperature of 180° C. or less. Because the substrate does 
not need to be heated to a high temperature, disadvantages 
caused by high temperature heating can be completely 
avoided. 

Detailed examination of the conditions for producing a 
metal oxide thin ?lm according to the present invention led 
to the discovery that exposing a substantially amorphous 
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oxide ?lm to loW temperature plasma, Which is generated at 
a suitable frequency, supplied poWer and gas pressure, in a 
high frequency electric ?eld achieves suf?cient and homog 
enous density and crystallinity for a large number of mate 
rials. 

In the present invention, a substantially amorphous metal 
oxide ?lm refers to a ?lm in Which an X-ray detectable 
crystal structure is not in an orderly state. Speci?cally, it 
means an oxide ?lm Which has no signi?cant peaks in an 
X-ray diffraction pattern. In addition, a substantially amor 
phous metal oxide ?lm includes oxide ?lms containing ?ne 
particles having a certain amount of a crystal structure. 

In the present invention, a crystalline metal oxide thin ?lm 
is determined by its X-ray diffraction pattern. Crystallization 
in the present invention refers to formation and groWth from 
an amorphous or substantially amorphous state into a sig 
ni?cant crystal structure Which is determined by X-rays. 
Also, as mentioned above, a “substantially crystalline metal 
oxide thin ?lm” refers to a state Where the ?lm contains a 
portion having crystallinity to an extent that the thin ?lm is 
considered to have crystallinity by an X-ray diffraction 
pattern, While an amorphous portion is also contained in the 
?lm. 

“Densi?cation” in the present invention is considered to 
be achieved When the density of the obtained oxide ?lm is 
90% or more With respect to the theoretical density Which is 
generally given as physical properties of an oxide. This 
relative density is determined by ?lm mass or a refractive 
index based on ellipsometry and UV-VIS-IR spectrum. 

The producing technique of the present invention can be 
applied to, in particular, materials Which are have problems 
With degradation by heat, breakage, substrate-?lm reaction, 
or mutual diffusion betWeen elements contained in the 
substrate and the ?lm because a crystalline metal oxide can 
be formed at a relatively loW temperature. As Will be 
illustrated by the folloWing examples, the producing tech 
nique of the present invention can be used to produce 
various device members Which require forming a ?ne struc 
ture over a large surface area because it is possible to form 
a ?lm With extreme homogeneity and With no defects such 
as pinholes etc, even in batch-treatment for a large surface 
area. Speci?cally, the producing technique of the present 
invention can be applied to thin layered capacitors such as 
multi layer ceramic capacitors and microcapacitors used 
inside semiconductor devices, and transparent electrodes 
used in image display devices such as plasma displays or 
liquid crystal displays. 

In addition, the producing technique of the present inven 
tion can be used as a post treatment method for a titanium 
oxide ?lm formed by large-area high-speed ?lm formation 
because a crystalline titanium oxide having photocatalytic 
activity can be formed at an extremely loW temperature, as 
Will be illustrated in the folloWing examples. 

Accordingly, the crystalline metal oxide thin ?lm formed 
in accordance With the present invention is expected to be 
applied in a Wide range of products and technology ?elds, 
such as ?lters, delay lines, capacitors, thermistors, oscilla 
tors, pieZoelectric device parts, thin ?lm substrates, memo 
ries, circuit overcoat materials, VCOs (voltage control oscil 
lator), hybrid ICs, EMC devices, mobile phones, devices 
mounted in a vehicle (ETC, audio, navigation etc.), LANs, 
PDPs (plasma display panels); liquid crystal displays, vari 
ous audio players (CD, MD etc.), DVDs, electrode materi 
als, WindoW glass, eye glasses, goggles, helmets, skies, 
surfboards, microscopes, preparations, cover glass, multi 
layered substrates, solar batteries, ?uorescent lamps, lamps, 
lighting instruments, tents, tile, transparent ?lms, cards, 
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6 
mirrors, telephones, sign boards, computers, sashes, fans, 
ventilation fans, sanitary Ware, video cameras, medical 
equipments, stomach cameras, sunglasses, signals, bicycles, 
speakers, antennas, eating utensils, air conditioners, Washing 
machines, motorbikes, boats and torches. 
NoW, conditions for the loW temperature plasma treatment 

according to the present invention Will be described in detail. 
LoW temperature plasma is thermally unbalanced plasma 
Whose electron temperature is much higher than the tem 
perature of ions and neutral particles, and generated at a gas 
pressure of several hundreds Pa or less as a general rule. The 
frequency of the applied AC electric ?eld is preferably 
between 1 kHZ to 300 MHZ to prevent gas discharge and 
thermal plasma from being generated. More preferably, the 
frequency of 13.56 MHZ is suitable, Which has been allotted 
for industrial use and used for existing devices. It is pref 
erable that the high frequency used for plasma generation be 
also used for the high-frequency electric ?eld of the present 
invention. 
A suitable poWer supply is 300 W or more for the siZe of 

the devices used in the folloWing examples, for instance. 
HoWever, because the suitable poWer supply depends on the 
siZe of the plasma generating device, treatment using a small 
poWer supply is suitable in a case of using a chamber having 
a small volume. Converted into a supplied poWer density per 
unit volume in the space Where plasma is generated using the 
chamber of the folloWing examples, 300 W is about l.97>< 
l04 Wm_3. It is possible to determine hoW much poWer 
needs to be supplied using this poWer per unit volume. 

Oxygen, argon, nitrogen or a combination thereof may be 
used for plasma generation. Atotal pressure of 5 Pa or more 
is preferable, and 50 Pa or more is more preferable. As 
illustrated in the examples, for many oxides, plasma treat 
ment using oxygen gas having a purity of 99.9% or more is 
preferable because their properties is stable under such a 
condition. In this instance, as loW temperature plasma, 
plasma generated by exciting at least oxygen gas or gas 
containing oxygen elements can be used. HoWever, in a case 
of an oxide ?lm Whose characteristics are imparted or 
limited by oxygen de?ciency, other gas such as argon or 
nitrogen can be used in place of oxygen, and as loW 
temperature plasma, plasma generated by exciting at least 
argon gas or nitrogen gas, or gas containing such gas can be 
used. 

With regard to the plasma treatment time, exposing a 
substantially amorphous metal oxide ?lm to plasma for up to 
3 minutes is su?icient to obtain a ?lm Which has crystallinity 
to an extent Where it shoWs a non-Zero X-ray diffraction 
pattern, or to obtain a ?lm Which includes microcrystals. 
HoWever, exposure for up to 10 minutes is more preferable 
to form an oxide ?lm of desirable crystallinity Whose 
half-Width of an X-ray diffraction pattern peak is 0.5 or less. 

While the above process may look someWhat similar to 
sputtering, it is preferable to use vacuum equipments that 
can generate plasma by applying high frequency poWer 
betWeen capacitive-coupling type opposed electrodes With 
out using magnets and Without accelerating the charged 
particles in the plasma. Either one or both of the electrodes 
for applying the electric ?eld can be exposed Within the 
chamber Where the plasma is generated, or can be located 
outside of the chamber. The equipments differs from an 
ordinary sputtering device in that high density plasma does 
not concentrate With respect to the opposed electrode and 
thereby generation of uniform plasma can be achieved 
because a converging magnet is not used for the opposed 
electrode (the electrode on the side of a target in a sputtering 
device). A physical cut phenomenon as occurs in sputtering 
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does not easily occur, and highly reactive oxygen ions can 
be easily obtained. An inductively-coupled plasma device, 
Which has higher density plasma than that of a capacitive 
coupling type device, can also be used in the present 
invention. Additionally, in terms of equipments, commer 
cially available devices such as a plasma reactor and a 
reactive ion etching device may also be used. 

These devices do not employ a magnetic ?eld in the 
electrode, and can generate highly reactive uniform plasma 
as mentioned above. The effects of this plasma irradiation 
depend on conditions such as ampli?cation poWer and gas 
?oW rate. By this treatment, it is possible to uniformly form 
a metal oxide thin ?lm having excellent mechanical prop 
erties such as crystallinity, substrate adhesiveness, ?lm 
hardness and the like from a suitable amorphous oxide ?lm 
Without heating. 
As a substrate on Which a substantially amorphous metal 

oxide ?lm to be exposed to plasma is formed, any substrate 
can be used as far as it is possible to form a substantially 
amorphous metal oxide ?lm on such a substrate. In particu 
lar, as is described in the folloWing Example 9, a loW heat 
resistant resin substrate can be used in the present invention 
because the temperature of the substrate and the substan 
tially amorphous metal oxide ?lm does not exceed 90° C. 
during the crystallization of the substantially amorphous 
metal oxide ?lm deposited on the substrate. 

The coating method for the substantially amorphous metal 
oxide ?lm is not limited to a particular one. Examples of this 
method include sputtering, vapor deposition, or spin coating, 
dip coating, ?oW coating or bar coating of a precursor 
solution containing ions comprising a metal element such as 
a metal alkoxide, metal acetate, organic-metal complex, 
metal salt, and metal soap. Thus, the present invention can 
form a crystalline metal oxide thin ?lm by coating a sub 
stantially amorphous metal oxide ?lm With dip coating or 
the like and thereafter exposing the coated ?lm to predeter 
mined plasma even in a case of having an irregular shape. 

The precursor solution may be an alkoxide, or may also 
be an inorganic acid or an organic acid Which contains 
various kinds of metal constituents. The precursor solution 
does not require prior control of the solution structure Which 
has been proposed by Rengakuji. HoWever, for a precursor 
solution such as an alkoxide containing a large amount of 
organic substances, because the ?lm is easily cracked in a 
case Where the thickness of a ?lm formed at one time 
becomes thick, it is preferable to control the process con 
ditions so that the ?lm thickness is 200 nm or less after 
deposition. When a thicker ?lm needs to be formed, it is 
preferable to repeat the process. 

For coating carried out by applying the precursor, organic 
substances are mixed in the formed ?lm. Although the 
organic substances art automatically decomposed by expos 
ing to plasma, it is preferable to remove the organic sub 
stances and carry out suf?cient hydrolysis of the precursor in 
advance so as to obtain a homogenous metal oxide thin ?lm 
having good crystallinity in a shorter treatment time. More 
preferably, the effects achieved by exposure to plasma is 
increased by irradiating for a predetermined period of time 
With ultraviolet rays having a frequency of 300 nm or less in 
an atmosphere containing Water vapor before exposure to 
plasma. 

There is no active heating of the substrate during the 
process in the present invention. Although the substrate 
temperature may be increased due to heat exchange from the 
plasma atmosphere during exposure to loW temperature 
plasma, this depends on the ampli?cation poWer and the 
substrate. It Will be clear from the folloWing examples that 

10 

20 

25 

30 

35 

40 

45 

50 

55 

60 

65 

8 
throughout the process the substrate temperature Was about 
80° C. for a treatment time of up to 3 minutes, and did not 
exceed 180° C. even in a case of being processed for 10 
minutes. In particular, in the example (Example 9) Where a 
PET substrate Which is a non heat resistant substrate, Was 
used, the temperature during treatment did not exceed 90° C. 
clearly. Thus, during formation of a metal oxide thin ?lm on 
the substrate, the present invention does not need a barrier 
layer for preventing the ?lm from being damaged by thermal 
shock, or prevent the oxide ?lm from reacting With the 
substrate. 

In the present invention, the entire material is uniformly 
treated. Compared With a scanning type treatment such as 
laser annealing, the present invention proceeds With 
extremely homogenous crystallization because the plasma 
and the high frequency electric ?eld can be operated simul 
taneously over the entire metal oxide ?lm. Thus, as illus 
trated in the folloWing Example 7, an extremely thin ?lm of 
about 100 nm can be crystalliZed uniformly and With high 
quality over a large surface area. Also, because the present 
invention does not induce thermal distribution different from 
lamp annealing, cracks due to thermal stress hardly occur. 
This also enables reduction in the number of the processes 
and the costs With respect to formation of an intermediate 
layer for relieving stress. 
As explained above, the technique according to the 

present invention is not a technique that uses a phenomena 
caused by the heat effects from plasma. As mentioned above, 
there are a lot of related art materials Which are similar to the 
present invention relating to highly advanced techniques for 
thin ?lms using plasma. In order to differentiate the present 
invention and such related art materials, the present inven 
tion and the related art materials Will be compared herein 
after. 

Japanese Patent Laid-Open No. 04-149090 discloses a 
method for producing a crystalline dielectric thin ?lm by 
forming an amorphous thin ?lm by a sol-gel process With 
lithium alkoxides and niobium alkoxides, or lithium alkox 
ides and tantalum alkoxides, and annealing the formed ?lm 
With high-frequency plasma or electron beams. HoWever, 
this disclosure uses the term “annealing” Which is also 
knoWn as “tempering” and there is a description in the 
speci?cation that “although heat treatment by a heater is 
common, the substrate on Which the thin ?lm is formed is 
also heated While the thin ?lm is heated in this method, 
Which causes problems that the material of the substrate is 
limited to a heat resistant material or part of the composition 
is diffused”. This technique is directed to local heating using 
high frequency plasma or electron beams, Which is basically 
different from the present invention. Further, there is no 
mention in the examples of the experimental conditions to 
distinguish the plasma such as gas pressure etc, Which is 
insu?icient. 

U.S. Pat. No. 6,432,725 discloses a method for forming a 
crystalline dielectric layer Which deposits an amorphous 
metal oxide, and thereafter conducting plasma treatment at 
a temperature of equal to or less than 400° C. for crystalli 
Zation. HoWever, as the plasma treatment temperature, only 
400° C. is disclosed in the examples, and although around 
200° C. is disclosed as a loWer temperature limit, this 
temperature cannot be applied to a substrate having loW heat 
resistance such as resin. Also, the term “anneal” used in the 
speci?cation refers to “heat treatment”. In addition, plasma 
treatment at 400° C. for 35 seconds is disclosed in the 
examples. It is impossible to reach to this temperature in a 
short period of time such as 35 seconds by loW temperature 
plasma of the present invention, Which suggests that a step 
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of heating the sample With a heater is added or high 
temperature plasma is used. Thus, this technique based on 
heat assistance is essentially different from the present 
invention. 

Japanese Patent Laid-Open No. 07-294861 discloses pro 
ducing an oxide dielectric thin ?lm by applying a precursor 
to a substrate and heating in a plasma atmosphere of gas 
containing at least oxygen elements. This technique is also 
based on a process of intentionally heating the substrate, 
making it clearly different from the present invention. 

Japanese Patent Laid-Open No. 04-199828 discloses a 
method for obtaining a high dielectric constant thin ?lm of 
an oxide by irradiating an oxide ?lm With oxygen ions or 
oxygen plasma generated using a plasma processing device 
by plasma separation using microWaves. However, this 
disclosure does not mention that crystallization of the ?lm to 
be treated consisting of an amorphous material is achieved, 
and only states the effect that dielectric pressure becomes 
higher. Further, 300° C. is used in the examples, Which 
suggests that there is heat assistance. 

Japanese Patent Laid-Open No. 2001-148377 discloses a 
technique for improving characteristics by annealing a 
dielectric thin ?lm With an ozone generator or a plasma 
generator. HoWever, this disclosure only mentions improv 
ing leakage current characteristics of the ?lm, and does not 
con?rm Whether crystallization of an amorphous material 
occurs or not. Further, since exposure of the dielectric thin 
?lm to plasma is performed in a space, Which is distant from 
the place Where the plasma is generated and to Which a high 
frequency electric ?eld is not applied, this disclosure is 
different from the present invention. 

Japanese Patent Laid-Open No. 2001-31681 discloses a 
technique for crystallizing by performing vapor deposition 
of a lithium transition metal oxide on a substrate as an 

electrode material, and thereafter conducting plasma treat 
ment to the obtained ?lm. This disclosure is unclear about 
the de?nition of an amorphous material, and besides, it is 
limited to a lithium transition metal oxide. Also, in the 
examples, the temperature of the substance rises to 391° C. 
by plasma, and in the section “Disclosure of the Invention”, 
it is disclosed that “heat energy is transmitted by . . . high 
energy ions colliding With the surface of the thin ?lm in the 
plasma”. This is based on the idea that heat effects from 
plasma are the main feature of the mechanism, Which is 
clearly different from the present invention. 

Japanese Patent Laid-Open No. 2001-133466 discloses a 
technique for reforming the surface of an ITO ?lm by 
irradiating the ITO ?lm With oxygen ions or electrons Within 
an energy range of 10-80 eV for the purpose of improving 
a Work function for the ITO ?lm With respect to the physical 
surface shape (surface roughness) and the crystal surface. 
HoWever, this disclosure is limited to ITO, and although the 
starting ITO ?lm is mainly amorphous, there is no mention 
about crystallization thereof. 

Japanese Patent Laid-Open No. 09-64307 discloses a 
method for supplementing oxygen de?ciency of a tantalum 
oxide ?lm and for reducing leakage current by conducting 
heat treatment to the tantalum oxide ?lm in an oxidation 
atmosphere (300° C. to 700° C.), and the tantalum oxide ?lm 
is irradiated With atomic oxygen in the heat treatment. This 
disclosure is different from the present invention in that the 
substance is limited to a tantalum oxide, and heat assists the 
reaction. Also, this disclosure does not mention crystallizing 
technique for an amorphous material. 

Japanese Patent Laid-Open No. 10-233489 discloses a 
method for producing a capacitor for a semiconductor 
device Which comprises the steps of forming a capacitor on 
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10 
a semiconductor substrate and exposing the capacitor to 
plasma. The starting ?lm in this disclosure is also mainly 
amorphous, but there is no mention of a technique for 
crystallizing the amorphous material. 

Japanese Patent Laid-Open No. 2000-200899 discloses a 
method for producing a capacitor Which has a tantalum 
oxide ?lm comprising the steps of performing vapor depo 
sition of a tantalum precursor at tWo-stage temperature, and 
conducting heat treatment in an oxygen atmosphere With 
plasma being supplied. The starting ?lm in this disclosure is 
also mainly amorphous, and there is no mention of a 
technique for crystallizing the amorphous material. 

Japanese Patent Laid-Open No. 09-153491 discloses per 
forming vapor deposition of a tantalum oxide ?lm, and 
thereafter carrying out plasma-oxygen annealing as anneal 
ing at a loWer temperature for the purpose of increasing the 
dielectric constant of tantalum oxide and reducing leakage 
current. The starting ?lm in this disclosure is also mainly 
amorphous, and there is no mention of a technique for 
crystallizing the amorphous material. 

Japanese Patent Laid-Open No. 09-246477 discloses a 
technique for plasma treatment using gas containing nitro 
gen and oxygen after forming an electrode in order to 
remove a spontaneous oxide ?lm from a capacitor electrode. 
The starting ?lm in this disclosure is also mainly amorphous, 
and there is no mention of a technique for crystallizing the 
amorphous material. 

Japanese Patent Laid-Open No. 2001-152339 discloses a 
technique for pouring a ?rst reactant containing an element 
and a ligand to form a thin ?lm into a reaction chamber 
accommodating a substrate, alloWing chemical adsorption 
onto the substrate, and thereafter adding an activated oxi 
dant. The oxidant is ozone, plasma oxygen and plasma 
nitrogen oxide. This technique is an Atomic Layer Deposi 
tion technique, Which is inherently different from the present 
invention. Also, in this technique, the deposition and the 
oxidant treatment is carried out in the same chamber. Also, 
it fails to disclose that the mainly amorphous starting ?lm is 
crystallized by such oxidant treatment. 

Japanese Patent laid-Open No. 10-273317 discloses a 
method for producing an oxide superconducting thin ?lm by 
irradiating an oxide thin ?lm Which has a thickness of a 1 
micron or less and does not shoW superconductivity With 
oxidation gas such as ozone, atomic oxygen, an oxygen 
radical, an oxygen ion or oxygen plasma having strong 
oxidizing ability than molecular oxygen for a short period of 
time betWeen 1 minute and 1 hour. The starting ?lm in this 
disclosure is also mainly amorphous, and there is no mention 
of a technique for crystallizing the amorphous material. 

Japanese Patent Lid-Open No. 09-262466 discloses a 
method for producing a photocatalytic material by activating 
the surface of a carrier Which comprises titanium oxide 
Wherein the activation is carried out by plasma treatment at 
100 to 280° C. According to this disclosure, the transition of 
a crystal phase from although and Brookite to anatase 
occurred due to the plasma treatment. HoWever, although the 
starting ?lm is also mainly amorphous, there is no mention 
of a technique for crystallizing the amorphous material. This 
is dearly different from the present invention. 

Japanese Patent Laid-Open No. 2001-85639 discloses a 
technique for conducting oxygen plasma treatment to a 
dielectric substance. This disclosure carries out plasma 
treatment after crystallization of the ?lm by heat in order to 
treat the ends of dangling bonds, Which is based on beat 
treatment of 450° C. or more. This disclosure is clearly 
different from the present invention. 



US 7,132,373 B2 
11 

Japanese Patent Laid-Open No. 2000-86242 discloses a 
technique for plasma exposure With a sol raW material being 
supplied so as to obtain a crystallized perovskite thin ?lm. 
In this disclosure, plasma treatment and deposition are 
conducted at the same time, Which is clearly different from 
the post treatment of the present invention. 

Japanese Patent Laid-Open No. 02-283022 discloses a 
method for producing a semiconductor oxide ?lm by con 
ducting beat treatment in a gas atmosphere containing 
oZone. This technique is based on heat treatment, and 
besides, although the starting ?lm is mainly amorphous, 
there is no mention of a technique for crystalliZing the 
amorphous material. Also, it cannot necessarily be said that 
this relates to a plasma exposure technique. It is clearly 
different from the present invention. 

Japanese Patent Laid-Open No. 11-145148 discloses an 
annealing method for irradiating a thin ?lm deposited on a 
substrate With thermal plasma. This technique is clearly 
different from the present invention in that it uses high 
temperature plasma instead of loW temperature plasma 
Which is used in the present invention. 

EXAMPLES 

Example 1 

A TiO2 thin ?lm prepared on glass using RF (radio 
frequency) magnetron sputtering Was irradiated With oxygen 
plasma having a frequency of 13.56 MHZ, ampli?cation 
poWer of 300 W and an oxygen ?oW rate of 100 cc/minute 
for 1 hour to obtain a crystalline TiO2 thin ?lm. In particular, 
the exposure With oxygen plasma in a high frequency 
electric ?eld Was started at room temperature, and the 
plasma treatment Was conducted for the above period of 
time Without applying heat. 

Comparative Example 1 

A ?lm Was obtained in the same manner as that in 
Example 1, but Without performing oxygen plasma treat 
ment. 

The ?lms obtained in Example 1 and Comparative 
Example 1 Were subjected to ultraviolet irradiation at an 
intensity of 1 mW using a black light to determine the 
contact angle change. The results are shoWn in FIG. 1. It 
shoWs that the contact angle Was decreased by the ultraviolet 
irradiation, and the photo-inducted hydrophilicity Was pro 
moted by the oxygen plasma irradiation. 

Example 2 

In order to obtain a titanium oxide thin ?lm, titanium 
alkoxide manufactured by Nippon Soda Co., Ltd. (NDH 
510C) Was deposited (a Wet TiO2 ?lm) on a silicon Wafer 
((100) plane) by conducting a spin coating method for 20 
seconds at 5000 rpm and dried in air at 1200 C. The dried 
?lm Was treated by ultraviolet rays having a Wavelength of 
253.7 nm for 1 hour With bubbled oxygen being ?oWn into 
Water of 600 C. at a How rate of 300 cc/minute. Next, this 
Was irradiated With oxygen plasma having a frequency of 
13.56 MHZ, ampli?cation poWer of 300 W and an oxygen 
?oW rate of 100 cc/minute (container pressure approx. 50 
Pa) for 1 hour. The exposure With oxygen plasma in a high 
frequency electric ?eld Was also started at room temperature, 
and plasma treatment Was conducted for the above period of 
time Without applying heat. 
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Comparative Example 2 

A ?lm Was prepared in the same manner as that in 
Example 2, but Without performing oxygen plasma treat 
ment. 

The TiO2 ?lms obtained in Example 2 and Comparative 
Example 2 Were subjected to ultraviolet irradiation at an 
intensity of 1 mW using a black light to determine the 
contact angle change. The results are shoWn in FIG. 2. It 
shoWs that the photo-inducted hydrophilicity Was promoted 
by the oxygen plasma irradiation as in Example 1 and 
Comparative Example 1. In addition, FIG. 3 shoWs the 
X-ray diffraction pattern of an alkoxide ?lm deposited in the 
same manner, but treated by oxygen plasma having an 
oxygen ?oW rate of 200 cc/minute (container pressure 
approx. 100 Pa). A peak indicating crystalliZation by the 
oxygen plasma treatment can be observed, from Which it can 
be determined that this treatment formed a crystalliZed TiO2 
?lm from an alkoxide at room temperature. 

Since the entire process is carried out at room tempera 
ture, the process is simple. Conditions such as the gas ?oW 
rate, bubbling conditions, supplied poWer and treatment time 
depend on the equipments. Where surface properties such as 
hyperhydrophilicity are evaluated as a ?lm structure, suffi 
cient results can be obtained by conducting the above 
process only once. HoWever, in a case Where it is necessary 
to con?rm Whether a ?lm is crystalliZed or not such as a case 
of a surface cured ?lm, it is possible to produce a thick ?lm 
by repeating the above process multiple times to provide a 
layered structure. 

Example 3 

In order to obtain a titanium oxide thin ?lm titanium 
alkoxide manufactured by Nippon Soda Co., Ltd. (NDH 
510C) Was deposited (a Wet TiO2 ?lm on a silicon Wafer 
((100) plane) by conducting a spin coating method for 20 
seconds at 5000 rpm and dried in air at 1200 C. The dried 
?lm Was treated by ultraviolet rays having a Wavelength of 
253.7 nm for 1 hour With bubbled oxygen being ?oWn into 
Water of 600 C. at a How rate of 300 cc/minute. Next, this 
Was irradiated With oxygen plasma having a frequency of 
13.56 MHZ, ampli?cation poWer of 400 W and an internal 
pressure of 100 Pa for 10 minutes, 

Example 4 

In order to obtain a titanium oxide thin ?lm, titanium 
alkoxide manufactured by Nippon Soda Co., Ltd. (NDH 
510C) Was deposited (a Wet TiO2 ?lm) on a silicon Wafer 
((100) plane) by conducting a spin coating method for 20 
seconds at 5000 rpm and dried in air at 1200 C. The dried 
?lm Was treated by ultraviolet rays having a Wavelength of 
253.7 nm for 1 hour With bubbled oxygen being ?oWn into 
Water of 600 C. at a How rate of 300 cc/minute. Next, this 
Was irradiated With oxygen plasma having a frequency of 
13.56 MHZ, ampli?cation poWer of 500 W and an internal 
pressure of 100 Pa for 10 minutes. 

Comparative Example 3 

A ?lm Was prepared in the same manner as those in 
Examples 3 and 4, but Without performing oxygen plasma 
treatment. 

The obtained TiO2 ?lms subjected to ultraviolet irradia 
tion at an intensity of 1 mW using a black light to determine 
the contact angle change. The results are shoWn in FIGS. 
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4(A) to 4(C). The X-ray diffraction patterns are shown in 
FIGS. 5(A) to 5(C). It shows that the contact angle Was 
decreased by the ultraviolet irradiation, and the photo 
inducted hydrophilicity Was promoted by the oxygen plasma 
irradiation. A peak indicating crystallization by the plasma 
treatment can be observed, from Which it can be determined 
that this treatment formed a crystallized TiO2 ?lm from an 
alkoxide at room temperature FIG. 6 shoWs a vieW observed 
by a scanning electron microscope of the TiO2 ?lm obtained 
in Example 4. From this vieW, it can be seen that particles 
having a size of approximately 10 nm are packed very 
uniformly and densely. 

Comparative Example 4 (Reference Comparative 
Example 4) 

A ?lm prepared in the same manner as those in Examples 
3 and 4 Was irradiated With oxygen plasma under the same 
conditions as Examples 3 and 4, but Without the step of 
treating for 1 hour by ultraviolet rays having a Wavelength 
of 253.7 nm for 1 hour With bubbled oxygen being ?oWn 
into Water of 60° C. at a How rate of 300 cc/minute. The 
results shoWed that the ?lm Was not crystallized nor cured, 
and cracks occurred in the entire surface. These results 
shoWed that the pretreatment by ultraviolet rays is effective 
under the deposition conditions in Examples 3 and 4. 

Example 5 

This example Was conducted to con?rm the dependency 
on an underlayer and the e?fects of a layered structure When 
a crystalline TiO2 thin ?lm is prepared from a Wet TiO2 ?lm. 
In order to obtain titanium oxide, titanium alkoxide manu 
factured by Nippon Soda Co., Ltd. (NDH-510C) Was depos 
ited on silicon Wafers ((100) plane; (110) plane; (111) plane) 
by conducting a spin coating method for 20 seconds at 5000 
rpm (Wet TiO2) and dried in air at 120° C. The dried ?lms 
Were treated by ultraviolet rays having a Wavelength of 
253.7 nm for 1 hour With bubbled oxygen being ?oWn into 
Water of 60° C. at a How rate of 300 cc/minute. Next, they 
Were irradiated With oxygen plasma having a frequency of 
13.56 MHZ, ampli?cation poWer of 300 W and an internal 
pressure of 50 Pa for 60 minutes. This process Was repeated 
3 times. The X-ray di?fraction patterns of Example 5 are 
shoWn in FIGS. 7(A) to 7(C). The degree of crystallization 
depends on Miller indices of the silicon Wafer. The 3-layered 
?lm had a total ?lm thickness of about 200 nm, and no 
cracks or peeling from the boundaries of the layered struc 
ture Were observed. Consequently, it is possible to produce 
a thick ?lm by providing a layered structure. 

Example 6 

This example Was conducted to con?rm the e?fects of 
plasma treatment time. In order to obtain titanium oxide, 
titanium alkoxide manufactured by Nippon Soda Co., Ltd. 
(NDH-510C) Was deposited on a silicon Wafer ((100) plane) 
by conducting a spin coating method or 20 seconds at 3000 
rpm (Wet TiO2) and dried in air at 120° C. The dried ?lm Was 
treated by ultraviolet rays having a Wavelength of 253.7 nm 
for 1 hour With bubbled oxygen being ?oWn into Water of 
60° C. at a How rate of 300 cc/minute, Next, this Was 
irradiated With oxygen plasma having a frequency of 13.56 
MHz, ampli?cation poWer of 550 W and an internal pressure 
of 100 Pa for 3 minutes, 5 minutes and 10 minutes, respec 
tively. The X-ray di?fraction patterns of Example 6 are 
shoWn in FIGS. 8(A) to 8(C). Cross-sectional vieWs of the 
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?lms observed With a scanning electron microscope are 
shoWn in FIGS. 9(A) to 9(C). It can be seen from the 
changes in the X-ray di?fraction patterns and the ?lm thick 
ness that a large part of the crystallization had been ?nished 
after only 3 minutes elapsed. According to measurement 
With a thermo-label, the surface temperature Was still about 
80° C. When plasma irradiation Was performed for 3 min 
utes, and the surface temperature Was still about 180° C. 
When plasma irradiation Was performed for 10 minutes. This 
shoWs that the crystallization Was not caused by heat such as 
self-heating or external heating. The refractive index of the 
?lm Which Was treated for 10 minutes in Example 6 Was 
evaluated by ellipsometry, and the refractive index Was 1.88 
before the plasma treatment Was conducted, and 2.33 after 
the plasma treatment Was conducted. In contrast, the refrac 
tive index of a similar ?lm to that of Example 6 Which Was 
burned for 1 hour at 500° C. in air Without conducting 
plasma treatment Was 2.24. The X-ray di?fraction patterns of 
these ?lm are shoWn in FIGS. 10(A) and 10(B). While the 
?lm (A) Which Was crystallized by heat had a large number 
of crocks, the ?lm (B) Which Was obtained by plasma 
treatment Was dense and homogenous. Also, from the fact 
that the refractive index of anatase is 2.46, it Was assumed 
that the ?lm underWent the plasma treatment for 10 minutes 
in Example 6 had a relative density of 90% or more. 

Example 7 

This example Was conducted to con?rm the electrical 
properties and the homogeneity of a crystalline TiO2 thin 
?lm produced from a Wet TiO2 ?lm. First, platinum Was 
deposited onto a silicon Wafer ((100) plane). In order to 
obtain titanium oxide thereon, titanium alkoxide manufac 
tured by Nippon Soda Co., Ltd. (NDH-510C) Was deposited 
by conducting a spin coating method for 20 seconds at 3000 
rpm and dried in air at 120° C. The dried ?lm Was treated by 
ultraviolet rays having a Wavelength of 253.7 nm for 1 hour 
With bubbled oxygen being ?oWn into Water of 60° C. at a 
How rate of 300 cc/minute. This Was irradiated With oxygen 
plasma having a frequency of 13.56 MHz, ampli?cation 
poWer of 550 W and an internal pressure of 100 Pa for 10 
minutes. Approximately 20 metal titanium electrodes having 
an edge of 5 mm Were formed independently on the obtained 
titanium oxide thin ?lm and the dielectric constant of the 
?lm Was measured. The dielectric constant Was about 37 at 
a measuring frequency of 1 MHz. This value corresponds 
With the Well-knoWn dielectric constant of anatase. The 
elements Were formed so as to have a 5 mm edge, and no 
interelectrode leakage Was observed With respect to the 
approximately 200 elements irrespective of the extremely 
thin ?lm thickness (approx. 100 nm). This shoWs that the 
?lm Was crystallized and densi?ed extremely homoge 
neously, and also this corresponds With the measurement 
results With a scanning electron microscope in Example 6 
quite Well. 

Example 8 

This example Was conducted to con?rm the dependency 
on plasma and the dependency on an underlayer of a metal 
oxide thin ?lm produced from sputtering ITO. ITO Was 
deposited in an amount of about 150 nm on Pyrex and a 
silicon Wafer ((100) plane) at room temperature, and there 
after irradiated With oxygen plasma or nitrogen plasma 
having a frequency of 13.56 MHz, ampli?cation poWer of 
550 W and an internal pressure of 100 Pa for 10 minutes. 
The X-ray di?fraction patterns of Example 8 are shoWn in 






